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Abstract 

A new general parameterization with eight mixing parameters among Z, 7 and an extra neutral 
gauge boson Z' is proposed and subjected to phenomenological analysis. We show that in addition 
to the conventional Weinberg angle 9y/, there are seven other phenomenological parameters G', 1^, 
r/, 9i, Or, r, I for the most general Z-^-Z' mixings, in which parameter G' arises due to the presence 
of an extra Stueckelberg-type mass coupling. Combined with the conventional Z-Z' mass mixing 
angle 6', the remaining six parameters ^, rj, 61-6' , 9^-9' , r, I are caused by general kinetic mixings. 
In all the eight phenomenological parameters 9y\r, G' , ^, rj, 9i, 6^, r, I, we can determine the Z-Z' 
mass mixing angle 6' and the mass ratio Adz /Mz' ■ The Z-j-Z' mixings we discuss are based on the 
model-independent description of the extended electroweak chiral Lagrangian (EWCL) previous 
proposed by us. In addition, we show that there are eight corresponding independent theoretical 
coefficients in our EWCL which are fully fixed by our eight phenomenological mixing parameters. 
We further find that the experimental measurability of these eight parameters does not rely on the 
extended neutral current for Z' , but depends on the Z — Z' mass ratio. 
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I. INTRODUCTION 



One of the simplest and more popular gauge extensions of the standard model (SM) is 
to add an extra U{1) group associated with the Z' gauge boson to the electroweak gauge 
group SU{2)l^U{1)y, that constitutes one of the "hot spots" in high energy physics today. 
The extra gauge boson Z' is the carrier of a new gauge force corresponding to the smallest 
gauge group extensions that plays a crucial role in cosmology, GUT, SUSY and various 
strong coupling new physics theories associated with new physics beyond SM (for the latest 
review see As long as there exists a Z' particle, it will shift observables from present 
physics by mixing with the standard electroweak neutral gauge bosons, 7 and Z. The 
corrections, however, depend on details of the model set-up, and especially on the way the 
neutral gauge bosons mix. A model-independent way to figure out these mixings is through 
phenomenological requirements and constraints. Usually, theorists only consider minimal 
Z-Z' mass mixing j2|. A massless photon constrains any possible extension of the mass 
mixings matrix to be of Stueckelberg-type jsj. However, theory and phenomenology do not 
forbid general three-body Z-'-f-Z' kinetic mixing. In the literature only a few examples have 
been considered, such as, the special kinetic mixings given in and js]. A general model- 
independent description of Z-^-Z' mixing is needed to enable data analysis and experimental 
searches for Z' to be more specific and effective, particularly in light of the progress made 
in the LHC and Tevatron experiments. With this motivation, we are prompted to study 
the most general gauge boson mixing. In fact, a general description of the Z' interaction 
with SM particles has already been given in our previous work js, Q in which Z' is regarded 
as a gauge boson of a broken f/(l)' symmetry and the conventional EWCL is extended 
to include this extra broken f/(l)' symmetry from original SU{2)l (g) U{1)y — ?■ U{l)em. to 
SU{2)i ® U{1)y ® U{1)' — !■ U{l)em- In Ref. |3[, the bosonic part up to order p'^ of the most 
general EWCL involving this Z' boson and discovered particles has been proposed that 
describes the most general Z-^-Z' mixings. In Ref.j6|, various Z-^-Z' mixings that have 
appeared in the literature are shown to be included in our EWCL formalism and are further 
classified into five simple groupings. However, the expressions given in {3,6] for these Z-^-Z' 
mixings are complex and are not suitable for phenomenological investigations. 

It is the purpose of this paper to improve this shortcoming by setting up a more general 
parameterization for all Z-^-Z' mixings to facilitate present and future phenomenological 
analysis in the EWCL given by [sl. We will discuss the physical meaning, origin and ex- 
perimental measurability of these parameters within new parameterization. We show that 
there are eight independent degree of freedoms and all complexities of the mixing can be 
absorbed into eight phenomenological parameters Qw-, G' ■, ^, ^r, /, for which all but 
the traditional Weinberg mixing angle Oy/ and the Stueckelberg-type coupling G', combine 
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with the conventional Z-Z' mass mixing angle Q\ and the remaining six parameters ^, r;, 
Qi-Q' ^ 9r.-9' , r, I are caused by general kinetic mixings. We will explicitly construct quanti- 
tative relations among these mixing parameters and those related to theoretical coefficients 
appearing in the underlying EWCL. 

This paper is organized as follows. In Section II, we give a short review of the relevant 
parts associated with the Z-'y-Z' kinetic and mass mixings from the EWCL given in Ref . , 
and introduce the mixing matrix. In Section III, we explain the physical meaning and origin 
of the eight parameters describing the mixing matrix by diagonalizing the mass-squared and 
kinetic matrices, and construct the relations among the various mixing matrix elements and 
coefficients in our EWCL. In Section IV, we ffist discuss the experimental measurability of 
parameters arising in our new parameterization, then express the EWCL coefficients related 
to Z-^-Z' mixings in these eight parameters that transfers the measurability from the mixing 
parameters to the relevant EWCL coefficients. Section V presents a summary. 



II. REVIEW OF THE KINETIC AND MASS MIXINGS FROM EWCL 

We begin the discussion by ffist reviewing the EWCL of Z' established in . The general 
Lagrangian describing the gauge symmetry breaking SU{2)i ® U{1)y ® U{1)' — U{l)em 
independent of the details of the symmetry breaking can be constructed in terms of 2 x 2 
non-linear Goldstone field JJ with the following covariant derivative 

D,U = d,U + igW.lJ - iU{g'^ + ci')B^ - ig"UX^ , 

where VF^, and are gauge bosons corresponding to SU{2)l, U{1)y and f/(l)', re- 
spectively. Here, carets are used to distinguish extended f/(l)' breaking quantities from 
the traditional electroweak breaking quantities in g, g', g" and g' are SU{2)l coupling, 
conventional f/(l)y coupling, U{\)' coupling and special Stueckelberg-type gauge coupling, 
respectively. 

In paper [sl, the bosonic part of the Lagrangian up to order has been presented. 
Because of our interests here in Z' mixing effects, we focus only on the neutral gauge boson 
mixing parts, which can be divided into a mass part Cm 

A/ = -\fMVi] + (tr[TV;])' + + \m' (trfc])' 

====== y(l-2/3i)(^7W^^^ 

+ ^-^WX, + ~g'B,){gW^'>^ - g'B^) = ^V^MlV, (1) 
and kinetic part Ck 

= -\b% - \ii[Wl] - \xl + \a,gg'B,MTWn + \<^s9^ {t^TW.Jlf 
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+gg"a2AX^,ii[TW 



+ g'g"a2^B^yX 



unitary gauge 



3\2 



+\aigg'B^,{d,wl- d,wl) + gg"a2,x^^{d,w^, - d,wl) 



g'g"a2,B,,X^'' 



Here, T 



(2) 

the first 



U'^TsU and V^^ = {Djj)tj^ are SU{2)l covariant operators. In Cm, 
term is the conventional non-linear a model term and the fourth term is a new non-linear 
a model term due to the presence of the U{1)' Goldstone boson. The second term is the 
conventional custodial symmetry breaking term. The third term is the mixing of the second 
and fourth terms. For Ck, with the exception of the standard kinetic terms for the f/(l)y, 
SU{2)l and U{1)' gauge bosons, the terms with coefficients ai, 024 and are the kinetic 
mixing terms between U{1) and the diagonal part of the SU{2)l gauge fields, between U{1)' 
and the diagonal part of the SU{2)l gauge fields, and between U{1) and U{\)' gauge fields, 
respectively. The term with coefficients as is the correction term for the diagonal part of 
SU{2)l gauge field. These coefficients parameterize the most general kinetic mixing among 
the Z-'-f-Z' bosons. For convenience, all these terms have been abbreviated into matrix forms 
in the unitary gauge f/ = 1 in the gauge boson vector Vj = (W^, B^, X^), the field strength 
tensor V^y = d^Vy — d^V^, the mass-squared matrix A^q and the kinetic matrix JCq. The 
mass-squared and kinetic matrices are 



Ml 



(l-2/3i 



-f (l-2/3i) + f/32 



v 



^/32 



^'2 

2 '4 



^/32 ^(1- 



-2/3i 



-2/33 



gc]'P2 



^/32 



-^/32 + ^?V(l-2/33 



1-2/33) 

g"'{i-Wz) 



2 k'2 5' g 
112 



JCf] 



I 



V 



1 



-ggoLx 

-2gg"a24 



-gg'ai -2gg"a24 ^ 

1 -2g'g"a25 
-'2g'g"a25 1 / 



,(3) 



(4) 



From Mq and JCq, we see that three body Z-'-f-Z' mixing is controlled by 11 dimensionless 
coefficients: 4 gauge couplings g, g', g', g", 3 mass-mixing low-energy constants f3i, (32, and 
4 kinetic-mixing low-energy constants ai, as, a24, a25. Among these, only nine play roles 
in the sense that we can redefine nine new coefficients by absorbing /3i and (5^ as follows 



g 



g' 



g 



g 



l32 = Ml-2l3iJl-2l3; 



Ota 



2/3i 
gg'ai 



g 



v/r^2^ 



~g' 



g 



v/r^2^ 



(5) 



Ola 



gg ^24 ad 



g'g"a2, . (6) 
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Then A^n and A^n of these redefined nine coefficients become 



Ml = f 



4 



.99 



4 I 2 ^2 



/Cn 



1 



/ 1 — — —2ac \ 
-aa 1 -2ad 
-2ac -2ad 1 



(7) 



(8) 



Furthermore there exists a scale symmetry for A^q and ICq, i.e., these are invariant under 
the following transformation determined by an arbitrary parameter (, 



g^Cg g' ^ Cg' g" Cg" 



g ^Cg 



(9) 



with /32, «a, ttfo, «c, ttd unchanged. Since the dimensional coefficient / does not enter into 
the final mixing matrix, the above scale symmetry implies that among the nine redefined 
theoretical coefficients, only eight of these are independent, and span the largest mixing 
space for an extra neutral gauge boson Z'. We take these eight theoretical coefficients as 

g/g', g/g", gz/g\ aa, «&, Oc, with 



gz = \/g^ + g'^ 



(10) 



These will provide all combinations of extra neutral vector boson corrections to low-energy 
EW physics via through mixings. As discussed in joj, then inputting different set of values 
for these coefficients, the effective theory can recuperate the various Z' models that have 
been presented in the literature. The mixings can be disentangled by diagonalizing the 
mass-squared matrix Ai^ and kinetic matrix JCq simultaneously, i.e. through introducing 
in a 3 X 3 real matrix U which relates the interaction eigenstate to the mass 

eigenstate (Z^, A^, Z'^) in the following manner 



(11) 







( z \ 




= U 


A, 









The U matrix has to fulfill conditions 
U^MlU = diag(M|, 0, M|,) 



-diag(l, 1, 1^ 



[12) 



In Refs. , we have already discussed the exact form of f/, although in practice its 
physical meaning tends to get lost due to its complex form, and is not suitable in presenting 
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phenomenological arguments. Here, we simplify its expression by re-parameterizing it as 
follows, 



U = 



cwa 
— cwaG' 



\ 



SwV + CwSrT 
CwV ~ SwSrr 

— cwrjG' + swSrrG' + Crr J 
( Ici rSj. ^ 



V 



i a ri 
-Isi rCr 



UoUi , (13) 



(14) 



sw^ + cwqI 

\ —cw^G' + swqIG' — sil 
^ cw sw ^ 

— Siy Cw 

^ s^G' —c\yG' 1 1 

in which there are three angle parameters 9y/,9ri0i establishing the trigonometric values 
d = cos 6i, Si = sin 6*4 for i = W,l,r and six other mixing parameters G',a,^,ri,r,l, totally 
nine in all. Among these nine parameters, a = a{6w,0r,(^i,G',C,,'ri,r,l) is a single relation 
determining one of the other eight parameters, the detailed dependence will be given later 
in ( 16T|) . Thus only eight of nine parameters in (fT3|l are independent, the degree of freedoms 
just matches the number of independent theoretical coefficients for electroweak gauge boson 
mixings that we counted before. In fact, because of the massless photon, parameter a is a 
normalization constant and plays the role of rescaling the photon field, which does not cause 
observable effects in the two-point vertices involving electroweak gauge bosons. Note that 
in the SM tree diagram limit, Uq is a pure Weinberg rotation with G' = and Ui is a unit 



matrix with 9i = 9r = C,=ri = and I 



1. 



III. PHENOMENOLOGICAL PARAMETERS IN TERMS OF DIAGONALIZA- 
TION AND EWCL COEFFICIENTS 

Next, we explain the physical meaning and origin of the eight parameters 6w, G', C,, fj, 
6r, Oi, r, I by diagonalizing the mass-squared matrix A^q and kinetic matrix Kq. First, G' is 
defined in such a way that it relates to the Stueckelberg-type coupling g as 



7.1 



G' = E_=9_ (15) 
9" 9" ^ ' 

i.e., G' is derived from the Stueckelberg coupling as the ratio of the Stueckelberg coupling 
and conventional U{1)' coupling. In our EWCL formalism, the deviation from SM has 
two sources: a Stueckelberg-type interaction for and the extra U{1)' interaction from 
gauge boson X^, with G' the relative ratio of the interaction strengths between these two 
types of sources. Theoretically G' can take arbitrary real numbers, in particular G' = oo 
and G" = correspond to g" = 0, g' finite and g' = 0, g" finite, respectively. However, 
phenomenological analysis shows that a very large G' is not physically realistic as Ref.js] 
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gives G' = g'/g" = 1.9/149 ^ 0.013. If we ignore G', the rotation matrix Uq then reverts to 
the standard Weinberg rotation with Weinberg angle 6w defined as 



g 

cw = — 

gz 



_ g 

Sw = — 

gz 



or 



e 



w 



arctan ^ 

g 



arctan 

g 



(16) 



The Weinberg angle originates from mixing of field W^'^ and and the Weinberg rotation 
enables the part of the mass matrix associated with 7 and Z to be diagonalized if the Z' 
particle and the Stueckelberg coupling are neglected. Once the Stueckelberg coupling g 
shows up, there will be off diagonal matrix elements involving 7-Z and 7-Z' mixings. To 
disentangle these mixings, we add G' terms to the Uq matrix and after the Uq rotation, we 
find 



/ 



U^MlUo = f 



49 Z 


1 7i ^11 



\gzg 




(17) 



V \gz-g"fi2 ) 



This is a typical Z-Z' mixing matrix. We apply a further matrix Uq with rotation angle 6' 
to diagonalize (fT7|) . i.e. 



/ c' 



Uo 



V 



s'\ 
1 
-s' c'y 



U'^V'^'M'poUo = diag(M^O,M'') 



(18) 



with c' = cos 6', s' = sin 6*'. We find that it fixes the rotation angle 6' as follows 

A. - JaI + IGgy^Pl 



6' = arctan 



fz 



^g 



(19) 



^M'gz 

Hence 9' originates from the Z-Z' mass mixing ,its role being to disentangle this mixing, and 
appears in most of the new physics models involving the Z' boson. With the zero eigenvalue 
in (fTSl) corresponding to the massless photon, the two other nonzero eigenvalues in (fTSll are 



M2 



-g"^^ + -^gls'^ + s'd-gzg"h • (20) 



Here M and M' are just the Z and Z' masses if there are no Stueckelberg and kinetic 
mixings. For g" = g' = 0, ( flTl) is already diagonal with eigenvalues \Pg'zi 0, 0, and there is 
no need to apply further rotation; clearly, 6'' = is given by f fT9|) resulting in a unit matrix 
t/o. This further simplifies the eigenvalues of ( EUj) to M"^ / p = ^g"^ and M'"^ / p = 0. Here 
M' = implies the mass of Z' is zero and Z' decouples from Z and 7. 

After diagonalizing the mass-squared matrix Ai^, the next logical step is to further diag- 
onalize the kinetic matrix JCq. Considering that after the rotation UqUq which diagonalizes 
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Mq, the kinetic matrix /Co is already transformed to symmetric form 



U^U^KoUoUo 



( h k2 h \ 

k2 k^ 
ks h h 



(21) 



with 



ki 



ki 
h 



1 — 2swSc'G' + S^c'^G'^ + 2cwSwc''^OLa — c^c'^ttb 

+ {Acws'c' - 4:CwSwc'^G')ac + {-Asws'c' + 4s^c'^G")ad , (22) 

Cws'G' — CwSwc'G'"^ + (^VK — C^)c'aa — CwSwf^Cib 

+ [2sws' + 2(c^ - s^)c'G"]ac + {2cws' - 4cwSwc'G')ad , (23) 
—swis'"^ — c'^)G' + s^s'c'G'^ + 2cvi/SvK'5'c'aa — c^c's'ab 
+ [2cvf(s'2 - c'') - 4cvySiys'c'G']ae + {2sw{c'^ - s") + 4s^s'c'G']ad , (24) 

(25) 

(26) 



1 + CyjG' — 2cwSw(^a — Sj^Uh + 'icwSwG'ac + 4:0^0' ad 
—cwc'G' — cwSws'G''^ + (s^ — (^)s'aa — cwsws'ab 
-[2swc - 2(c^ - s'^)s'G']ac - {2cwc' + 4cwSws'G')ad , 
1 + 2sws'cG' + s'^s^G'^ + 2cwSws''^cea — (^s''^cib 
-{Acws'c' + AcwSws''^G')ac + (4sh/s'c' + 4s'^s^G')"d • 



(27) 



Note that as long as we have a nonzero Stueckelberg coupling G', the rotated kinetic matrix 
UqUqJCoUqUq is not diagonal, even if the kinetic mixing coefficients aa,ab,ac,ad all vanish. 
For the special case g" = g' = 0, the matrix elements reduce to k^ = k^ = and kg = 1. 
With these results, we introduce the matrix f/i to further diagonalize the rotated kinetic 





matrix UTuT1CqUqU[ 



( 



lcos{ei-e') rsin(^,-0') \ 



^ a 7] 

\-lsm{ei-e') rcos(^^-e') J 

which changes the diagonal matrix diag(M^, 0, M'^) to diag(M|, 0, M|,) with 

cos(^/ - 6') sin(^^ - 6') sm{ei - 9') " 



(28) 



Ml 



Ml, 



2r2 



MH 



cos\ei - 9') + 



cos2(^, -^') + 



cos(^^ - 6') 
cos(^^ - 9') sin(^, - 9') ?>m{9i - 9') 



cos{9i - 9') 



as long as we take 



tan(^, - 9') _ M2 
tan(^^ - 9') ~ 



(29) 
(30) 

(31) 
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I.e. 

UlU^U^ICoUoUoUi = U^U^lCUoUr = U'^IC.U = -^diag(l, 1, 1) . (32) 

We see that the parameters in ( l28l) play the role of generating most general kinetic mixings. 
In particular, ^ and rj originate from Z — 7 and Z' — 7 mixings respectively, while /, r, 9i — 9' 
and Or — 0' originate from the most general Z and Z' redefinition and mixing which need four 
independent parameters (two from redefinition and the other two from kinetic mixings). 

The 6' appearing in (1281) in the combinations of 61 — 6' and 6^ — 6' is needed to subtract 
out Z-Z' mass mixing from general Z-'-f-Z' mixings, leaving only the pure kinetic mixings. 
If there are no kinetic mixings, then 

a = l = r = l G' = ^ = r] = Qi = Or = 9' . (33) 

By further requiring no Z-Z' mass mixing by taking ^' = in above result, we recover the 
SM tree diagram limit mentioned previously. 
Using fl32l) . we then find 

\ = h (34) 

which only rescales the photon field to normalized kinetic form. Equation (l3T|) gives one 
relation between the angle combinations 61 — 6' and 6^ — 6', fl32l) further fixes ta.n{6i — 9') 
through the following quadratic equation 

I ki 

There are two solutions from the above equation: one of these we choose so that it vanishes 
in the limit ki = k^ = k^ = 1, k2 = k^ = k^ = for fixed and M'^, the other nonzero 
solution corresponds to having theZ mass vanish and 7 receiving a nonzero mass. Combining 
the solution of ( 135|) with equation (13T]) . we obtain 61—6' and 9^—9'. r and / can be determined 

by 

^ = cos\9i - 9')Uk, - % tan\9i - 9') + 2(^ - A;3) tan(^, - 9') + h - ^} (36) 

^ = cos2(^,-^')l('^i - % tan'(^r- - 9') + 2(ks - ^) tan(^, - 9') + k^ - ^] (37) 
r'^ ^ k^^ ki ki' 

With /, r, 9i — 9' and 9r — 9\ ^ known, and rj are re-expressible 

e k5sm{9i-9') -k2Cos{9i-9') 



I k^^ 

T] _ k2 sm{9r - 9') + /C5 cos(6'r - 9') 

r kd 



(38) 
(39) 
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As an example, we give the explicit result for the special case g" = g = 0, (present situation 
is 0/0 case, here in the limiting procedure we let g approach zero first, then take g" to zero, 
because as we mentioned before G' is small from purely phenomenological estimations.) 
where the above considerations program gives result: 

ei = er = e' = G' = 7^ = Q ^ = h ^ = ki-$ r = i e = -^(40) 

MI=MH'' M^ = ^glf M|,= M'2=0 (41) 

Up to this stage, once we know the coefficients in mass-squared matrix A^q and kinetic ma- 
trix /Co, i.e. / and eight theoretical coefficients of EWCL g/g', g /g", gz/g"-, 02, cta, «c, «d, 
we can obtain the final phenomenological mixing parameters dw,(^r,Gi,G',C,,f],l,r, and in- 
termediate mixing angle 6', photon normalization factor a. In particular, the intermediate 
mass-squared ratio M'^/M''^ is determined from (13T|) and the physical mass ratio Mz/Mz' 
can be expressed as 

Mz ^ l sm'/\29i-29') 

Mz' rsin^/2^2^, - 26') ' ^ ^ 

This result offers a hope in predicting the Z' mass in mixing parameters. Unfortunately, the 
mixing parameters themselves are not easy to test. In the next section, we will discuss the 
experimental measurability of the mixing parameters. Here we would rather treat the above 
relation as an additional constraint used in determining parameters for a given Z — Z' mass 
ratio. 

Phenomenologically, a more important question is, once we know the eight phenomeno- 
logical mixing parameter 6w,6r,0i,G' ,C,,'r],l,r from fitting the experiment data, how can 
we obtain the corresponding eight theoretical coefficients g/g', g /g", gz/g", 02, o^a, Q^c, ttrf- 
Considering that the mixing parameter G' = g'/g" has already appeared in Ai^, i.e. it 
is both a theoretical coefficient and a phenomenological parameter, the problem remaining 
is to fix the other seven coefficients g /g' ,gz /g" , 02,(^a,ctb,ctc,(^d in eight phenomenological 
parameters 6w,Gr,(^i,G',^,ri,l,r. Since the details of computation are very complex, here 
we only outline the calculations: We choose seven equations (ITB]) . ( ET]) . fl5S]) . , (|57|1 . 
( 138|) . and (!39|) for which the auxiliary quantity 6' is further determined by ( IT9|) . M^/M'"^ by 
( 120|) . and /ci, /c2, ^3, ^4, ^5, ^6 by fl25|) to (!27|) . Solving these equations, we can in principle 
express these theoretical coefficients in phenomenological parameters. 

With the expressions of the EWCL coefficients of the phenomenological parameters, and 
with help of f ll9p and fl34p . the conventional Z-Z' mass mixing angle 6', the ratio Mz/Mz' 
and a can all be expressed in the eight phenomenological mixing parameters. 

The above procedure yields completely general results. To terms of order p^, we give 
explicit expressions for six phenomenological parameters 6r, Oi,C,,ti, I, r in terms of theoretical 
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coefficients g'/g, g / g\ gz/g", P2 

, Ota-i ^b") '^C5 ^d- 

^ 6' + Ifl^G" + '^^^9l+W^) ^,Q,2 _ ^cw{-2gyi + \)g"' ^^^^ 
^9 ^9 A2 

-G ab T «c H 7 Old (43) 



A2 ° A A 

^9 '-^9 

' Ag A3 A2 

^9 \ 

r ~ 1 — SiyG t7 H G ac H r G , (45) 

/ ~ 1 + SiyG 6^ - SvKCvKtta + -^C^b -r G H "T G Q!d (46) 

^ ~ -ciyG fe* + {2cy^, - l}aa + cwsw^b H r Gaa^ -r G , (47) 

^9 ^9 

rii r^,ni2 , 2svy(c^(7| — 2(7"^) , ^?|cvys^ , 

7/ ~ cwG —G 9 ~\ G tta + -^^-7 — —G ab + 2swCic + 2cwad ■ (48) 

2 Ag Ag 

Here, 9' ~ —2gzg"^2/ ^g, 9yY = aictang'/g and G' = g jg" ■ Moreover, we obtain, 

a ~ 1 + c^sy/OLa + ~ 2cvySvi/G'ac - 2c^G'arf , (49) 

(50) 

Ag 

Note that since fl33|) tells us that if there is no kinetic mixings, 9i = 9^ = 9' , then the 
differences 9i — 9' and 6'^ — 9' reflect the effects caused by kinetic mixings. Substituting f H3|) 
and ( l44l) into ( |3T1) . we find the result for M^/M'^ which just matches the results that we 
obtained from (!20|) . Although our result here already includes in all possible mixings cases, 
pure Z-Z' mass mixing is worth a special discussion: we find that the limit G' = = «d = 
can not be taken at the very beginning, since this will lead to 9r = 9i = 9' from fHSl) to (jH]) 
and then limit problems 0/0 in (131 p for M^/M'"^. To obtain the correct result, we need first 
to maintain G' and ac, ad with nonzero values through to completion of the computation of 
the ratio M^/M'"^, then taking its vanishing limit. This is an interesting new phenomena, i.e. 
nonzero G' and ac, ad extensions make that M'^/M'^ can be expressed in mixing parameters. 
In contrast with the pure Z-Z' mass mixing case that from (1201) we find that just the mixing 
angle 9' can not fully fix the value of M'^/M''^ as we are left with /32 degrees of freedom 
remaining. 
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IV. MEASURABILITY OF THE PARAMETERS AND RELEVANT EWCL CO- 
EFFICIENTS 



Compared with the coefficients in EWCL, our eight parameters 6w, G', C,, r], Oi, Or, f, 
I are more close to experimental data and more easily determined by experiment. Once 
these are known, the relevant EWCL coefficients can be further determined by establishing 
relations between these parameters and the EWCL coefficients. In this section, we begin by 
discussing how these parameter values can be fixed in principle from experiment, and then 
construct the relations among the EWCL coefficients and parameters. 

Experimentally, with the exception of SU{2) l coupling g which can be determined from 
charged currents, the main means to determine the mixing parameters is by testing the 
structure of the electro-magnetic and neutral currents. The corresponding Lagrangian is 
gW^J^'^ + g'B^ Jy + g"X^Jxi where J^'^ is the third component of the conventional weak 
isospin current, Jy is the hypercharge current, and is the current coupled to the extra 
boson. The Lagrangian of the electro-magnetic and neutral currents that couple to the 
physical bosons 7, Z, Z' becomes eJ^^A^ + gzJzZ^ + g" J^iZ'^. With the help of f lTT]) . we 
can read off 

eJ^^ = gUi,2J''^ + g'U2,2J^ + /t/3,2 = gswa[J'''^ + J^] + /f/3,2 (51) 
gzJ^ = gUi,iJ''^ + g'U2,iJ^ + g"Us,iJ^ 

= g[{sw^ + cwcil)j'^''' + {sw^ - swCiltan9w)J^] + g'U^^iJ^ (52) 
g"J^, = gU.-sJ''''' + g'U2,3J^ + g"Us,3J^ , (53) 

with Ui,j a general matrix element of mixing matrix U, and we have used the result 
gUi^2 = g'U2,2 combined fll3p and fll6l) . In principle, once experiments finally fix the co- 
efficients Uij, then from (fT3|) . we can determine all eight parameters 9w, G', ^, ^r, 1^, 
I. Considering that Z' has not been discovered as yet in current experiments, we divide the 
present experimental measurability of the parameters into two stages: 

1. Suppose we can measure eJ^ and gzJz experimentally but not know what J^, and 
Jx are. This is the present SM situation as it stands and is independent of details 
of the Z' model. Then ( 15T]) implies that we can determine gswa and the electro- 
magnetic coupling e now must be identified as e = gsw^. Compared with conventional 
relation in SM, we find that an extra correction factor a appears in the relation. 
Considering that e and g can be measured from electro-magnetic and charge currents 
respectively, we can then derive siya. Further, from (152|) . we find g{sw^ + cwqI) and 
g{sw^~swCil tan 6w). Then, in this first stage, combined with known g, we can obtain 
four combinations of the eight parameters: g, swa, sw^+cwcd and sw^—swcd'^^^(^w- 
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2. Suppose in addition to eJ^ and gzJz-, we also know J^. This can be realized if we 
have a prior f/(l)' charges for the SM fermions which is Z' model-dependent. Then 
from fl5T]) and f|T3|) . g"Uz,2 = g"{swV + cwSrr) is obtainable; from fl52|) and f|T3l) . 
g"U-i^i = g"{cwf] — swSrr) is calculable. We find at this second stage, we can obtain a 
further two combinations of the eight parameters. 

Therefore, before needing to measure g"Jz', the above two stages already enable us evaluate 
seven of the eight parameters. Using f l42p . the remaining unknown parameter can be deter- 
mined once we assume a. Z — Z' mass ratio. Thus, even without the knowledge of g"Jz'i and 
as long as the Z — Z' mass ratio is fixed, we can now measure all eight phenomenological 
parameters. 

In consequence, we can express the EWCL coefficients in these parameters. Up to or- 
der p^, the theoretical coefficients gz /g" iP2i0.ai(^bi(^ci(^d in phenomenological parameters 
6w, Or, Oi, G', ^, r], I, r can be written as 

gz 2(91^9') 



9" 9r - 9' 



(54) 



P. ^ -i^^^i^ , (55) 
2-gzg" ^ ' 

o^a = ^-jj^[sw{glsl + 2{cl, -2)-g''^)^,G'9' 

4:SwCwg ^ 

+8sl^g"'A,il - 1) + {-glsl, + (4 - 2cl,)-g"')A,{r - 1) 

-AcwSwg"'Ag^ + cwi-fz^w - 2-g"'clrA,)G'r]} (56) 
«6 = - ^^2jn2^ - 2cl,gl + ^cl,g"')A,G'9' 

+8g"\l - 2cl)A,{l - 1) + ((1 - 2cl)-gl + ^-g"hl,)A,{T - 1) 
-8swCwg"^Agi + cw{-gzsw - m"^sl, + glcw^9)G'v} (57) 

«c = ^-jj^iswcl^Alff + sl,cl,{h-gl + Usw-g''^)A^G'9'' 

Sswcwg Ag ^ 

-cl,swAl9r - 8sl-g"\--gls'w + ^9"')G'{1 - 1) 
HsUz - ^^9" + 2-g"'cWz + ^9"cl)G\r - 1) 

+Aswcwg"\fz{c^w - 2) + 4^'")G'e + ^s^w^wg"^ ^sT,} (58) 
"'^ = -^^{'^^l^' + 45"'A,G' + {^-glsl + (12 - lAcl,)-g"^)AgG'9'' (59) 

°9 

-swAl9r - 8slglg"'G'{l - 1) + gli-fz^'w + (-4 + 2cl)g"')G'{r - 1) 
+AswCw9l9"^G'^ - AcwfAgT]} (60) 

Where 9' is given by ( l50i) and gz/g" is given by ( l54l) . The remaining two theoretical coef- 
ficients g' /g and g /g" ■, which are already determined in ( IT6|l and f lTSjl respectively, are not 
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displayed with the above formulae. Substituting the results back into and combining 
with f l2^ . we further obtain 

« = 1 - s 2 - V)A,G'^' + 8s2^^"2A,(/ - 1) (61) 

HfzSw + 4^"')A,(r - 1) - ^swcwg"^^gi - cwifz^w ' ^fzf'cl, + 16g"')G'r]} 

The results ( l50l) to ( 1611) indicate that once we known the eight phenomenological parameters 
Ow, G', C,, Tj, 61, Or, r, I, the conventional Z-Z' mixing angle 6', then the general Z-'-f-Z' mixing 
coefficients g/g', gz/g", G', aa, a^, Oc, C(d, and a are fixed, where the a parameter although 
appears in phenomenological role, as discussed earlier, it is derivable from the other eight 
parameters through (!6T]) . 

V. SUMMARY 

To summarize our results, based on the extended electroweak chiral Lagrangian previ- 
ously proposed by us, we have found that there are eight independent degrees of freedoms 
to describe the most general Z-'-f-Z' mixings that correspond to the eight independent theo- 
retical coefficients g/g' ,g' /g" ■, gz/g", 1^2, Oa, ct^ ad in our electroweak chiral Lagrangian. 
For convenience in phenomenological analysis, we have proposed a new general parameteri- 
zation involving these eight parameters that describe the Z-'-f-Z' mixings, which include the 
conventional Weinberg angle 6w and a Stueckelberg-type coupling G'. Combined with the 
conventional Z-Z' mass mixing parameter 6', we find that parameters ^, 77, 61-6', 9^.-9' , r, I 
refiect the general kinetic mixings among the Z-'-f-Z'. With this parameterization, 9w, G', 
^, 7], 9i, 9r, r, I, we can fully determine the Z-Z' mass mixing angle 9' and the mass ratio 
Mz/Mzi- Experimentally, with the knowledge of charge currents, neutral currents and the 
current for extra gauge boson X^, combined with mass ratio Mz/Mz', we can in principle 
measure all eight parameters. 
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